The dissociation behavior of two dihydroxybenzoic acid isomers, 2,3-DHBA and 3,4-DHBA, at 281 K and 293 K was determined by potentiometric titrations in 0.01 M NaCl and 0.03 M NaCl. Results showed that the dissociation enthalpy for the carboxylic group in DHBA is close to zero, resulting in dissociation constants that do not vary appreciably with temperature, whereas the dissociation constants for the first hydroxyl group vary significantly with temperature. Increasing ionic strength was found to result in increased values for the second dissociation constant, whereas the effect on the first dissociation constant was less clear.
Introduction
Natural organic matter (NOM), such as humic acids, is ubiquitous in natural waters. Through complexation and adsorption processes, NOM determine the fate and behavior of particles and dissolved ions in water and it is therefore important to understand and be able to describe in detail the interactions between NOM and ions or particles. However, NOM consists of relatively large organic molecules, with varying structures depending on their origin, containing a multitude of functional groups and it is sometimes difficult to interpret results from experimental work involving NOM. Hence, smaller model molecules, often containing only carboxylic and/or phenolic groups, are frequently used to study these interactions. The present work is focused on dihydroxybenzoic acids (DHBA), small aromatic molecules that contain one carboxyl group and two phenolic which is a catechol and salicylate derivative, and 3,4-DHBA (a.k.a. Protocatechuic acid), which is a catechol derivative. Due to the formation of intramolecular hydrogen bonds between the -COO-group and -OH group in the ortho position in 2,3-DHBA, the 2,3-and 3,4-DHBA molecules behave somewhat differently in aqueous solution, which is reflected in their speciation behavior [1] .
Complexation of dihydroxybenzoic acids with metals can prevent hydrolysis [1] [2] and affect the mobility and bioavailability of the metals. Studies of DHBA complexation with various metal ions in solution can be found in the literature; e.g. beryllium [3] aluminium [1] , yttrium [4] , and copper [5] . Recently, the presence of 3,4-DHBA was also shown to affect the adsorption of the radionuc- For instance, the constants listed for 2,3-DHBA on the first row and for 3,4-DHBA on the last row of Table 1 can be found in many handbooks, both in print and online, but the origin of those values is somewhat unclear. In the case ) followed by adsorption onto nanoparticles in natural waters [9] .
Thus, we need to know the speciation behavior of DHBA molecules at conditions relevant to natural waters and as a part of that decided to perform a de- waters. The aim was to determine only the first two dissociation constants for each isomer, since the third dissociation step occurs at quite high pH (Table 1) ,
where the dissociation constant cannot be determined with enough accuracy using common titration equipment, especially not at the low ionic strengths of this work.
Materials and Methods
All solutions were prepared from reagent grade chemicals and Milli-Q water With these settings, total titration times varied from 7 h to 13 h. Temperature (281 or 293 K) was controlled to within 0.1 K using a double-jacketed titration vessel and a circulating water bath. An overhead propeller stirrer kept the solution homogeneous and the headspace was continuously purged with humid nitrogen gas to prevent CO 2 contamination. A blank titration was performed before each DHBA titration, using identical solutions and the measured deviations from ideal behavior were subtracted from the raw data in the subsequent titration. At least three titrations with different DHBA concentrations (ranging from 0.0004 M to 0.0020 M) were performed at each set of conditions.
To simplify the evaluation of the titration results, the raw data was routinely recalculated into average number of protons adsorbed per DHBA molecule. The value of this variable, called Z B , can be calculated for each titration point ac-cording to Equation (1):
In Equation (1), H is the total concentration of protons in the solution (calculated according to Equation (2) below), h is the "free" concentration of protons in the solution (calculated according to Equation (3) 
H γ + is the activity coefficient for protons and was calculated for each temperature and ionic strength using the Davies equation [10] . The concentration of hydroxyl ions was calculated analogously, using the measured pH value, the activity coefficient for OH − and the autoprotolysis constant of water at the conditions in question (determined according to [11] ). The value of the parameter B was calculated using Equation (4):
Since the added acid and titrant contains no DHBA, there is no need for a B a or B t term in Equation (4). The dissociation constants for each isomer of DHBA were determined by least-square optimization using the code Fiteql 2.0 [12] .
Results and Discussion
Two typical sets of raw data from titrations of 2,3-DHBA are shown in Figure 2 .
It is obvious that no dissociation constants can be evaluated from plots of this kind, as the only standout feature in this plot is the buffer minimum around pH 7, whereas the (possible) occurrences of dissociation reactions around pH 3 and pH curves for the two DHBA isomers are presented in Figure 3 , which clearly illustrates the (de)protonation behavior of the DHBA molecules over the studied pH range, with the dissociation of the carboxylic group at acidic pH and the dissociation of the first hydroxyl group at basic pH clearly visible. The effect of ionic strength on the deprotonation behavior, especially for the second dissociation step, can also be detected in Figure 3 . Converting the raw titration data into Z B curves thus simplifies the interpretation of the results considerably. In principle, the first two pKa values could be determined graphically from these Z B curves, as the pKas correspond to the pH values of Z B = 2.5 and Z B = 1.5, respectively. However, Z B curves can be somewhat sensitive to errors in the total concentration of the molecule in question (i.e. the B value in Equation (1)) and it is therefore advantageous to employ some type of fitting procedure, where both total concentrations and individual pKa values can be fitted simultaneously. In this work, the concentrations and pKas were fitted using Fiteql 2.0 and the values obtained using this code are listed in Table 2 .
The larger uncertainties of (most) dissociation constants for 2,3-DHBA, compared to 3,4-DHBA (Table 2) are primarily due to the increase in uncertainty in pH measurements at low and high pH, respectively. The results indicate that the first dissociation constant of 3,4-DHBA (for the carboxylic group) is quite insensitive to changes in conditions, the values are within uncertainty of each other, whereas the second dissociation constant (for the first hydroxyl group) shows considerable dependencies with both temperature and ionic strength. For 2,3-DHBA on the other hand, the first dissociation constant varies with ionic strength, but very little (if at all) with temperature. The apparent independency of the pKa values for carboxylic groups with temperature shows that the dissociation enthalpy for the carboxylic group is close to zero. Similar behavior has previously been observed for some other organic molecules [13] . Hydroxyl groups on the other hand have larger dissociation enthalpies, resulting in clear increases in pKa values with decreasing temperatures [14] . The change in speciation with changing temperature is illustrated in Figure 4 , where the distribution of different species over the investigated pH range is plotted. Since the first dissociation constant is insensitive to temperature change, the speciation of 3,4-DHBA will only vary with temperature if pH is above 6.5, while for 2,3-DHBA temperature affects the speciation only above pH 8. pH values above 6.5 are unusual in stream and lake water, at least in Sweden [15] . Thus, seasonal variations in the speciation should be minimal.
The effect of ionic strength on the dissociation constant for the carboxylic groups is difficult to deduce from the present results, as the constant for 2,3-DHBA seems to decrease with increasing ionic strength, whereas the shift is almost non-existent for 3,4-DHBA. Carboxylic groups usually exhibit decreasing dissociation constants with increasing ionic strength, at least at low to moderate ionic strengths [16] , and it is not immediately clear why this trend is not more convincingly manifested in the case of 3,4-DHBA. Regarding the constant for the dissociation of the (first) hydroxyl group on the other hand, both isomers show the same behavior, with a considerable increase in the value of the constant with increasing ionic strength. This could somewhat complicate the use of DHBA as model molecules for humic acids and other forms of NOM, as it has been shown that at least for certain forms of humic acids, the dissociation constants for their hydroxyl groups decrease with increasing ionic strength [17] .
Conclusion
The first dissociation constant for the two forms of DHBA showed negligible dependence on temperature, whereas the second dissociation constants increased considerably with decreasing temperatures. Changes in ionic strength on the other hand affect the two isomers in slightly different ways, with clear changes to the dissociation constants for 2,3-DHBA but near-negligible changes to the first dissociation constant of 3,4-DHBA.
